Research on mechanical and sensoric setup for high strain rate testing of high performance fibers R Unger, P Schegner, A Nocke et al. Abstract. Efficiency, durability and lightweight are key aspects in designing new products such as cars or other machines. However, when materials are processed by plastic forming, one has to consider the forming limits of the materials which indicate the starting point for localization or fracture of the material. High speed forming processes, such as electro-magnetic forming offer a possibility to widen these limits. Since standard plasticity models do not account for the damage behavior at these high strain rates, a new model of coupled damage-plasticity at high strains and high strain rates has to be developed. When damage occurs, one may have to deal with a mechanism called localization, which leads to non-physical solutions. One way to deal with this problem is to introduce a gradient enhanced damage model. In this paper, a gradient enhanced elasto-plastic model was developed and tested on some academic examples such as notched beams.
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Introduction
In engineering, one always aims at the optimal product in terms of (energy-) efficiency and durability. In many applications, such as car or airplane manufacturing, lightweight design is a direct consequence of energy efficiency requirements. In order to meet these requirements, higher formability is needed to achieve more freedom of design, like sharper edges or lower edge angles. But the ability of a metal, e.g. aluminum alloys, to endure forming is limited. The limits of an alloy to endure irreversible deformation can be shown in a forming limit curve (FLC), where the strain combinations at failure are summarized. In 1950, it was firstly reported by Clark and Wood [1] , that high strain rates result into increased forming limits. Due to their findings, high speed forming is suggested to enable the desired higher formability [2] .
Electromagnetic forming
Quasi-static forming is cost efficient but is limited due to relatively small strain rates [3] . Electromagnetic forming on the other hand enables the realization of much higher strain rates, but the process is very energy consuming and therefore expensive. Here, a combination of quasi static and electromagnetic forming will be investigated with respect to deep drawing. The quasi static process of deep drawing is used to perform the main part of the forming process. Critical geometries, which lie outside of the quasi-static forming limits are then formed by an electomagnetic pulse [4] . In Fig. 1 , a possible application is shown. In the first step, the workpiece is deepdrawn. In the Exemplary experimental setup for a combined deep drawing and electomagnetic forming process [3] second step, electomagnetic forming is used to subsequently form the final edge with a much smaller radius which would not be possible within deep drawing. This combination of quasi static and high speed forming is considered as the optimal solution with respect to formability and cost efficiency [3] . However, one has to adjust the parameters for both processes carefully, if one really wants to extend the quasi static FLC. Therefore it is crucial to gain a systematic scientific understanding of the process. Material modeling provides the possibility, to gain a profound understanding of the process and the material behavior [5] . Here, a material model is introduced to accurately predict the forming limits under largely varying strain rates. With application of this model to a simulation of the prescribed forming process one then can optimize the process parameters in order to extend the quasi static FLC.
Material modeling
The presented model accounts for the elasto-plastic behavior at different strain rates as well as the damage behavior within the plastic domain. It it based on an extension of the material models of Vladimirov et al. [6] and Dettmer & Reese [7] . Especially rate-dependence is introduced.
For the deformation gradient F in finite deformations it is assumed that the multiplicative split F = F e F p holds. In addition a second split for the plastic part into elastic and inelastic parts is assumed:
For each of the parts of the deformation gradient, a right Cauchy-Green tensor
] can be introduced. The Helmholz free energy for the ArmstrongFrederick model of kinematic hardening in this case reads
Here, κ denotes the parameter for isotropic hardening. Application of Eq. (2) 
A detailed derivation of the evolution equations and the yield function is given in [8] . In the following lines, only the resulting evolution equations will be shown: The evolution equation for the isotropic hardening variable readṡ
where R represents the isotropic hardening stress, given by R = −Q(1 − e −βκ ). In this case, Q and β are material parameters controlling isotropic hardening. In [8] the symmetric part of the inelastic plastic velocity gradient d p i is introduced. The evolution equation for this reads
In Eq. (5) M D kin represents a symmetric Mandel-type back stress tensor. The material parameters b and c influence the nonlinear kinematic hardening. In order to consider the rate-dependent behavior, Perzyna viscoplasticity (λ = Φ m /η) is applied [9] . It is desirable to formulate the yield function and the evolution equations in terms of tensors which live in the reference configuration. See for a more detailed motivation [8] . After a longer derivation we define the corresponding effective stress tensor
where X defines the back stress tensor in the reference configuration. As in many formulations for plasticity, Φ denotes the yield function, which in this case is chosen to be of Hill's type:
The variable Y D in Eq. (7) denotes the deviatoric part of the pulled back Mandel stress tensor, being in general a non-symmetric second order tensor. As in [8] , the notation A [B] is used to describe the application of a fourth order tensor A on a second order tensor B. For an isotropic material, A would be defined as the fourth order identity tensor I. Damage is introduced in this formulation by means of the Kachanov-Rabotnov concept, where the relation between the local effective stress tensorS and the continuum mechanical second Piola-Kirchhoff stress tensor is given by
Damage D in this case is implemented in the standard, scalar form (see Eq. (9)). Here, D = 0 represents an undamaged (virgin) material, while D = 1 stands for a complete loss of material stiffness. The damage growth criterion of Lemaitre [10] , which is used in this formulation, is given by:Ḋ =λ 2 3
Variable Y in this formula denotes the damage driving force (Y = −∂ψ/∂D). The parameters s and k are related to the damage growth rate. The function H(a) stands for the hevyside function:
Utilization of this function ensures damage not to be activated before the accumulated plastic strain κ reaches the threshold parameter p D .
The parameter p D depends, as seen from Eq. (12), on the strain rate˙ eq . This model is developed in the framework of finite strains:˙ eq = 2 3Ė :Ė
Therefore, the strain rate considered in this model is expressed in terms of the Green Lagrange strain rateĖ (for detailed information, see [11] ). It is assumed here, that the threshold for onset of damage is linearly dependent on the strain rate.
Cup deep drawing
The previously shown material model is applied to the electomagnetic deep drawing process shown in Fig. 1 . Due to the symmetry of the problem, only a quarter of the geometry has to be simulated. To reduce the simulation effort, punch, blankholder and die are modeled as rigid bodies (see Fig. 2 (a), [12] ). The metal sheet is meshed using hexahedral solid elements with reduced integration and a constant number of five elements over the thickness. In order to study mesh convergence, the overall number of elements is varied (see Table 1 ). The material parameters has been obtained using parameter fitting on an uniaxial tension experiment (see [3] for more details). In Fig. 2(b) the force displacement curves of meshes four to eight are compared. It can easily be seen, that the results are in a good agreement with the experimental data. Mesh convergence is achieved, when the number of elements exceeds 8840. The necessity of the implementation of the strain rate-dependence can be seen in Fig. 3 . Here, the damage distribution of a rate independent and a rate-dependent model are compared [3] . During quasi static deep drawing, the results are similar. However, the rate-dependence has a huge effect during electromagnetic forming. In both pictures, elements with a damage variable D = 1 were deleted. The results of the rate independent simulation suggest material failure during the process. This is not in accordance to experiments as it can be seen, e.g. in [13] . Comparison of the damage distribution of rate-dependent and rate-independent model after electomagnetic forming [3] when rate-dependence is introduced, the material behavior of the experiment can be captured. After the simulation is verified, it is possible to apply an optimization scheme on parameters such as the coil current. For instance, the peak height and impulse length of the current can be optimized with respect to a minimal damage at the end of the deep drawing process or an increased forming limit curve [14] .
When simulating a material model including damage behavior, undesired mesh dependencies can occur. A one dimensional exemplification for the so called localization phenomenon is given in the next section.
Localization
Considering a truss with an imperfection and damaging material law, damage will always occur in the element with the imperfection. If it is considered, that dissipation only occurs in the damaged element and dissipation can be related to the damaged volume, one can easily assume that the dissipation of the whole system is dependent on the size of the damaging element. This is called mesh dependence of the solution and is undesired in simulations. In addition, strains will localize in the aforementioned element (see Fig. 4 ). Due to damaging of this element, the overall stress is reduced. This means unloading (in the means of a complete stress release) of the undamaged elements while almost all deformation is concentrated in the damaged element. In the extreme case of infinitesimal small elements the final strain distribution would result in a dirac function. While all other elements have been completely unloaded (stress free), all displacement is covered by the middle, damaged element. In order to avoid this phenomenon, one may use a so-called nonlocal damage formulation such as a gradient-enhanced damage model.
Gradient-extended damage-plasticity model
In models like the one presented before, the damage variable is treated as an internal variable.
The main difference of a gradient extended damage model in comparison to a local model is the assumption that the damage variable D is a field variable. Due to the additional scalar field, this ansatz (see [15] for small deformations and [16] for finite deformations) induces an additional degree of freedom, but also a nonlocality in the damage formulation. This additional degree of freedom induces an additional (generalized) balance equation and therefore a generalized traction Ξ, on which Cauchys lemma (Ξ = ξ · n) can be applied to obtain the generalized stress ξ. Generalized stress and damage, as well as displacement and stresses, then contribute to the free energy of the system and the power of external forces reads P = ∂Ω (t ·u + ΞḊ)da + Ω b ·udv. Application of the principle of virtual work results in the virtual work of the internal forces in Eq. 14.
g int = g ext (15) In Eq. 14 it is visible, that the standard weak form of finite elements has been extended by a damage related term. Here, a and ξ are internal generalized stresses related to the damage variable. The symbol ∇ s in this case symbolizes the symmetric part of the gradient. The variables δu and δD refer to the arbitrary test functions for the displacement field and the damage field, respectively. Note, that a is an abbreviation for the divergence of ξ (a = div(ξ)).
As previously outlined, the standard finite element approach is extended with damage as a new degree of freedom. Using this model, since the damage evolution depends on the damage gradient, damage and therefore dissipation is distributed also in the surrounding elements. In other words, this strategy introduces an internal length scale like in gradient plasticity theories (see, e.g., [17] for a strain gradient crystal plasticity theory, [18] for the application of gradient plasticity on monotonic and cyclic shearing of laminate micro structures or [19] for comparison of a gradient plasticity model and experimental data).
